Retracing a recently traveled route is a frequent navigation task when learning novel routes or exploring unfamiliar environments. In the present study we utilized virtual environments technology to investigate age-related differences in repeating and retracing a learned route. In the training phase of the experiment participants were guided along a route consisting of multiple intersections each featuring one unique landmark. In the subsequent test phase, they were guided along short sections of the route and asked to indicate overall travel direction (repetition or retracing), the direction required to continue along the route, and the next landmark they would encounter. Results demonstrate age-related deficits in all three tasks. More specifically, in contrast to younger participants, the older participants had greater problems during route retracing than during route repetition. While route repetition can be solved with egocentric response or route strategies, successfully retracing a route requires allocentric processing. The age-related deficits in route retracing are discussed in the context of impaired allocentric processing and shift from allocentric to egocentric navigation strategies as a consequence of age-related hippocampal degeneration.
INTRODUCTION
Age-related differences in navigation abilities are well established both in animal and human literature (Rosenzweig and Barnes, 2003; Moffat, 2009) . While age-related performance declines have been reported for different navigation tasks, they seem to be particularly pronounced in unfamiliar environments (Devlin, 2001) . One navigation ability crucial for navigating unfamiliar environments is retracing-navigating a recently traveled route from the end to the start-as it enables a navigator to return to a known part of the environment (Lorenz, 1952; Miller and Eilam, 2011) . Specific age-related deficits in route retracing would increase the risk of getting lost when navigating novel environments and could thus explain why older adults often report avoiding unfamiliar places and routes (Burns, 1999) . While route retracing is a common navigation task, especially when exploring unfamiliar environments, it has received surprisingly little attention in the literature and it is unclear how it is accomplished. In the current study we present a novel experimental paradigm to investigate the cognitive processes and strategies involved in route learning and route retracing in more detail. Moreover, by comparing route retracing performance between a younger and older age group we investigate the effects of cognitive aging on route retracing.
Route knowledge is typically conceptualized as a series of stimulus-response associations (Trullier et al., 1997) . A single stimulus-response association consists of recognizing the current place (e.g., by recognizing a landmark associated with that place) and selecting the direction in which to proceed along the route (Waller and Lippa, 2007) . Learning a route with multiple decision points, therefore, requires knowledge of landmarks along the routes, associations of directional information with these landmarks, and knowledge about the order of landmarks.
Note that route knowledge that takes the form of stimulusresponse pairs is inherently uni-directional, allowing a route to be repeated. The stimulus-response pairs are encoded in an egocentric reference frame during learning ("Turn left at X"). During route retracing, however, the decision points are approached from a viewpoint different to that experienced before. Accordingly, the egocentric stimulus-response pairs that were encoded during route learning do not support route retracing. Route retracing requires knowledge about the spatial relationship between the direction from which a decision point is approached and the direction in which the route proceeded. Such a representation is viewpoint independent-i.e., allocentric-and would support for route retracing.
Egocentric and allocentric navigation strategies are supported by different neuronal circuits: egocentric strategies involve the parietal cortex and the caudate nucleaus, while allocentric strategies are hippocampus dependent (McDonald and White, 1994; Wolbers et al., 2004; Burgess, 2008) . While cognitive aging affects egocentric strategies (Barrash, 1994; Wilkniss et al., 1997; Moffat et al., 2001; Head and Isom, 2010) , allocentric strategies seem to be more severely affected (Begega et al., 2001; Moffat and Resnick, 2002) . As a result, a number of studies report shifts from allocentric to egocentric strategies with increasing age (Barnes et al., 1980; Nicolle et al., 2003; Rodgers et al., 2012; Wiener et al., under review) . Age-related hippocampal degeneration offers an explanation for the impaired allocentric processing and according strategy shifts (Raz et al., 2010 ).
In the current study we used a novel experimental paradigm to investigate the cognitive processes and strategies involved in route retracing. Specifically, we tested the hypothesis that route retracing, in contrast to route repetition, relies on allocentric processing. In the experiment, participants were navigated along a complex route with multiple decision points each featuring a unique landmark. In the subsequent test phase they were guided along sections of the route either in the direction of original travel (route repetition) or in the opposite direction (route retracing). Their tasks were, first, to indicate travel direction (route repetition or route retracing), second to indicate the direction required to continue along the route to either reach the end or the start place (depending on travel direction), and third, to identify the next landmark encountered on route if the current travel direction was maintained. Comparisons of performance in these tasks between route repetition and route retracing trials allowed for first insights into the nature of route retracing. In order to test whether route retracing in fact involves allocentric processing, we compared performance between a younger and older participant group. In line with earlier research into the effects of cognitive aging on navigation abilities (Moffat et al., 2001; Head and Isom, 2010) , we expected an overall effect of age on performance in all three tasks. If route retracing-as argued above-relied on allocentric processing, we expected additional age-related performance declines for route retracing trials as compared to route repetition trials reflecting the particularly adverse effects of cognitive aging on allocentric navigation strategies (Moffat and Resnick, 2002; Iaria et al., 2009 ).
MATERIALS AND METHODS

PARTICIPANTS
Forty participants [20 younger (eight females; mean age 20.53 ± 1.84 years, range 25-30); 20 older (11 females; mean age 69.45 ± 5.48 years, range 61-85)] took part in the experiment. The montreal cognitive assessment (MoCA; Nasreddine et al., 2005) was administered to all participants to screen for mild cognitive impairment (MCI) . No participant had to be excluded based on the recently recommended MoCA cut-off score for the MCI of 23 (Luis et al., 2009 ). The average MoCA scores for the young and old age group were 27.56 (young) and 27.65 (old).
THE VIRTUAL ENVIRONMENT
Using Vizard 3.0 (WorldViz) we created a virtual route consisting of 11 four-way intersections (see Figure 1) . Each intersection could be identified by a unique single landmark-an image of an object-that was mapped onto a cube suspended from the wall. During the experiment, participants were passively transported along the entire route in the training phase and along parts of the route in the test phase.
PROCEDURE
The experiment consisted of six experimental sessions. Each experimental session was composed of a training phase and a test phase. In the training phase, participants were transported along the entire route twice. Their task was to memorize the route. The test phase consisted of 18 trials, each of which was composed of three tasks:
• Route Direction Task. First, participants were transported along two intersections of the original route either in the same direction as during training (route repetition, nine trials) or in the opposite direction (route retracing, nine trials). For example, in a route repetition trial they would approach the intersection with the sofa, turn left and then approach the intersection with the football where movement stopped (see Figure 1 ). Participants were asked to indicate the direction of travel (repetition or retrace). Participants were instructed to respond as soon as they identified the travel direction, even if this occurred during the actual movement. Chance level for this task was 50%.
• Intersection Direction Task. Subsequent to the Route Direction Task, participants were asked to indicate the direction in which the route continued after movement stopped given the current travel direction. For route repetition trials, this involves indicating the direction required to follow the original route toward the end. In contrast, for route retracing trials this involves indicating the direction required to return to the start location while remaining on the route. With three possible movement directions and an equal amount of trials requiring a left, right, and straight responses, chance level for this task was 33.3%.
• Landmark Sequence Task. Finally, participants were presented with an image depicting three of the landmarks on the route. Their task was to indicate which of these landmarks would be encountered next, if the current travel direction was maintained. Chance level for this task was 33.3%.
Participants were instructed to respond as accurately and as quickly as possible by pressing the correspondingly labeled buttons on a response box (Cedrus RB-730).
The Route Direction Task, the Intersection Direction Task, and the Landmark Sequence Task were designed to test different aspects of route learning and route retracing. To solve the Route Direction Task participants needed to compare the sequence of landmarks and/or turns encountered during travel with their route memory. The Intersection Direction Task and the Landmark Sequence Task require participants to anticipate the upcoming movement direction or the next landmark, respectively. For repetition trials, these tasks are functionally equivalent to standard route learning tasks (Waller and Lippa, 2007; Head and Isom, 2010) . Retracing trials, in contrast, require further processing: the Landmark Sequence Task requires manipulation of the temporal order of the landmarks; the Intersection Direction Task requires comprehending the spatial relationships between the direction from which an intersection is approached and the direction in which the route continues.
ANALYSIS
We first analyzed performance for the Route Direction Task. Only trials in which participants correctly identified travel direction were included in the analyses of the Intersection Direction and the Landmark Sequence Task. As a result of removing incorrect Travel Direction Task trials, fewer data points were available for the remaining analyses. In order to analyze effects of learning on these two tasks we, therefore, pooled data from sessions 1-3 and 4-6.
RESULTS
ROUTE DIRECTION TASK
In order to enter the final data-set, participants' performance in repetition trials on the Route Direction Task had to exceed chance level (50%). This criterion was set to ensure that participants had acquired sufficient route knowledge during the training phases to investigate the effects of cognitive aging on route repetition. Performance for two older participants did not reach chance level. These participants were excluded from the final data-set.
To examine the impact of travel direction (route repetition and route retracing) on performance in the Route Direction Tasks between age groups, a repeated-measures ANOVA was conducted with the between-subject factors of age group (young, older) and sex and two within-subject factors of experimental session (1-6) and travel direction (repetition, retrace). We observed main effects of age [F (1, 34) 
Specifically, younger participants performed better than older participants (86.19% vs. 74.97%), performance on repetition trials was better than on retracing trials (88.08% vs. 73.07%), and performance improved over experimental sessions (session 1: 60.96%, session 6: 89.94%).
The main effect of direction was primarily driven by the impaired performance of older participants on retracing trials (see Figure 2) . This is reflected in the significant interaction of direction x age group [F (1, 34) Note that participants who entered this analysis were selected on basis of their performance on repetition trials. However, despite good performance on repetition trials, older adults showed impaired performance on retracing trials compared to young adults. In other words, the subsample of older adults that had no problems identifying travel direction during route repetition, exhibited a specific age-related impairment when traveling in the opposite direction along the route.
How did participants solve the Route Direction Task? In principle there are two ways: first, participants can compare the order in which the landmarks are encountered during training and test phase; second, for those test trials that feature a turn at the first intersection encountered, participants can compare the turning direction at this intersection between training and test. The analysis of response times for test trial with a turn at the first intersection allows us to distinguish between these two alternatives: Turning onset was 4.7 s after the test trial started. After 7.4 s the landmark of the second intersection was in sight. Response time for the relevant test trials was 10.25 s for young adults, 12.08 s for older adults, 11.06 s for repetition trials, and 11.26 s for retracing trials. There was a main effects of age [F (1, 36) 
INTERSECTION DIRECTION TASK
As a result of removing two older participants from the final dataset and of excluding data from incorrect Route Direction Task trials from the further analysis, fewer trials from older participants (1446) than from younger participants (1720) entered the analysis of the Intersection Direction Task and the Landmark Sequence Task. In order to examine performance differences between age groups in the Intersection Direction Task, a repeated-measures ANOVA was conducted with the between-subject factor of age (younger, older) and two within-subject factors of experimental session (first and second half of the experiment) and movement direction (repetition, retrace). We observed main effects of session [F (1, 36) = 29.76, p < 0.001, η 2 = 0.45], direction [F (1, 36) = 29.51, p < 0.001, η 2 = 0.45], and age [F (1, 36) = 17.39, p < 0.001, η 2 = 0.33]. The main effect of age was driven both by repetition trials (post-hoc: p < 0.001) and by retracing trials (post-hoc: p < 0.01).
Of the interactions only direction x session [F (1, 36) = 9.07, p < 0.01, η 2 = 0.20] and direction x session × age group [F (1, 36) = 4.12, p = 0.05, η 2 = 0.10] were significant. These interactions were primarily driven by impaired learning in the older adults in the retracing trials: while young participants' performance improved over the course of the experiment for both repetition and retracing trials, the older adults' performance improved only on repetition trials, but not on retracing trials (see Figure 3 ). This is corroborated by additional separate repeatedmeasures ANOVAs for the young and the old age group: while main effects of direction and session were observed for both age groups (all p < 0.05), the interaction between direction and session was significant only in the older age group (p = 0.02), but not in the young age group (p = 0.12).
Note that performance for retracing trials in the older age group remained close to chance level performance (33%) for the entire experiment (see Figure 3) .
LANDMARK SEQUENCE TASK
In order to examine performance differences between age groups in the Landmark Sequence Task, a repeated-measures ANOVA was conducted with the between-subject factor of age (younger, older) and two within-subject factors of experimental session (first and second half of the experiment) and movement direction (repetition, retrace). We observed main effects of age [F (1, 36) = 11.54, p < 0.01, η 2 = 0.24] and session [F (1, 36) = 95.07, p < 0.001, η 2 = 0.73], but not of direction [F (1, 36) = 2.30, p = 0.14, η 2 = 0.04]. Overall, performance was better for the young age group (young: 76.20%; old: 63.31%) and increased over the course of the experiment (first half: 62.22%; second half: 77.29%; see Figure 3 ). While none of the interactions was significant, the direction x age group interaction neared significance [F (1, 36) = 4.04, p = 0.052, η 2 = 0.10].
DISCUSSION
In this study we used a novel experimental paradigm to investigate the effects of cognitive aging on the ability to retrace a route-i.e., to navigate from the end of a route back to the start location. In the experiment, participants first viewed a visual presentation of a route and were then presented with short segments of the route either in the direction experienced during training (route repetition trials) or in the opposite direction (route retracing trials). For each of these presentations, participants were given three tasks: in the Route Direction Task they had to indicate the overall travel direction; in the Intersection Direction Task, they had to indicate the direction of movement required to remain on the route given the current travel direction; in the Landmark Sequence Task they had to indicate which landmark they would encounter next when proceeding in the current travel direction.
Consistent with earlier findings (Barrash, 1994; Wilkniss et al., 1997; Moffat et al., 2001; Head and Isom, 2010) , the older age group showed an overall performance deficit in route learning, even after removing two participants from the final data-set who did not reach chance level performance in route repetition trials in the Route Direction Task. In addition, older adults also showed specific deficits in retracing trials for both the Route Direction Task and the Intersection Direction Task. That is, older adults experienced difficulties when asked to identify the overall travel direction and to indicate the next movement direction when retracing the route, but not when repeating the route. Given the importance of successfully retracing a recently navigated route when exploring unfamiliar environments (Lorenz, 1952; Miller and Eilam, 2011) , these effects offer an explanation for why age-related declines in navigation abilities are more striking in novel than in familiar environments (Devlin, 2001 ) and why older adults often report avoiding unfamiliar routes and places (Burns, 1999) . In the following we consider results from the three tasks in the test phase in more detail.
ROUTE DIRECTION TASK
The Route Direction Task assessed participants' ability to identify the current travel direction (route repetition or route retrace) while being passively transported along a short segment of the route. While this task can, in principle, be solved by comparing the turning direction at a single intersection during test with that experienced during training, participants of both age groups only responded after they encountered a second landmark. This suggests that they used the temporal ordering of landmarks to solve the task. Both younger and older adults performed well on route repetition trials. In contrast, for route retracing trials we found performance decrements in the older age group. In other words, while the older adults that entered the final data-set were perfectly able to recognize travel direction when it was identical to that during training, they had problems doing so when travel direction was reversed. This may be explained by the involvement of different cognitive processes during route repetition and route retracing: in the Route Direction Task participants are asked to identify travel direction by matching the order of landmarks experienced during the test phase to that experienced during training. Research in the area of sequence processing suggests that in repetition trials this task recruits a supervisory process that involves monitoring and selectively activating relevant items while suppressing irrelevant ones (Oberauer et al., 2000) . For retracing trials, however, the sequence is reversed thus additionally requiring the coordination of the relative positions between the items. The efficiency of this coordination process has been found to be affected by cognitive aging (Bopp and Verhaeghen, 2007) which could explain the specific impairment for retracing trials in the older age group.
LANDMARK SEQUENCE TASK
Older adults were also less accurate than young adults in the Landmark Sequence Task (see also Lipman and Caplan, 1992; Wilkniss et al., 1997; Head and Isom, 2010) . However, the older adults reached performance levels clearly above chance level and performance increased over the course of the experiment. We did not observe a main effect of travel direction for the Landmark Sequence Task: both age groups performed at similar levels on repetition trials and on retrace trials. This seems surprising at first glance, but can be explained by (1) both the Route Direction Task and the Landmark Sequence Task requiring comparison between the temporal ordering of landmarks during the training phase with that experienced during the test phase; and (2) that only the data from correct Route Direction Task trials entered the Landmark Sequence Task analysis. In other words, as both tasks rely on similar processes and by pre-selecting trials on basis of performance in one task, potential effects of travel direction in the second task are reduced.
INTERSECTION DIRECTION TASK
In line with earlier research (e.g., Head and Isom, 2010) , older adults were less accurate in the Intersection Direction Task than young adults. This effect was observed both for route repetition trials as well as for route retracing trials. In addition, we found a specific learning deficit in retracing trials for the older age
Frontiers in Aging Neuroscience www.frontiersin.org group: performance in retracing trials was close to chance level and, in contrast to repetition trials and the younger age group, did not improve over the course of the experiment. That is to say, not only did older adults perform weaker in indicating the correct direction when retracing a route, they were also unable learn the correct direction over the course of the experiment. Egocentric route learning strategies (Trullier et al., 1997; Waller and Lippa, 2007 ) enable a navigator to solve the Intersection Direction Task in route repetition trials. Route retracing, in contrast, is not supported by egocentric strategies as intersections are approached from a different direction than during training. Route retracing, therefore, requires abstracting from the viewpoint-dependent memory encoded during the learning phase. This can be achieved by encoding the spatial relationship between the arm from which a particular intersection was approached and the arm in which the route proceeded. This form of representation is independent of the navigator's viewpoint and, therefore, allocentric. Recent research suggests that age-related deficits in allocentric processing (Moffat and Resnick, 2002; Moffat et al., 2007; Harris and Wolbers, in press) result from hippocampal degeneration during typical aging (Raz et al., 2010; Wiener et al., under review) . This could also explain the age-related decline in performance on route retracing trials as these, in contrast to the route repetition trials, require allocentric processing.
In addition to the proposed deficits in allocentric processing resulting from age-related hippocampal degeneration, more general age-related declines in working memory and processing speed may contribute to the observed effects. The Processing Speed Theory states that declines in processing speed with increasing age can result in impairments in cognitive performance (Salthouse, 1996) . This may be due to task-related time limitations or because results of earlier cognitive operations are no longer available when later operations are completed (simultaneity). While the current paradigm did not impose time limitations, allocentric processing is computationally more demanding than egocentric processes as it requires additional cognitive operations (Byrne et al., 2007) .
Any age-related processing speed effects are, therefore, more likely to affect retracing trials which rely on allocentric processing rather than repetition trials for which egocentric processes are sufficient.
We have argued that route retracing relies on allocentric processing. This is supported by a series of findings: route retracing provides a means to return to the start of a journey and has, therefore, been suggested to be crucial for exploring novel environments (Lorenz, 1952) . Accordingly, in freely exploring rodents, route retracing is mainly observed during early stages of learning an environment (Miller and Eilam, 2011) . Early stages of spatial learning primarily rely on allocentric place strategies, whereas egocentric response or route strategies only occur later (Tolman et al., 1946; Ritchie et al., 1950) . Together with results from the current study this suggests that route retracing during the early stages of learning an environment relies on allocentric strategies.
Recent electrophysiological findings in rats suggest a neuronal mechanism that could support route retracing. Foster and Wilson (2006) recorded from hippocampal place cells and found that immediately after traversing a track, the hippocampal place cell activity observed during navigation was reactivated in reverse temporal order as if retracing the route. Importantly, these reverse replays were observed to a greater extent after navigating through a novel environment compared to a familiar environment, suggesting that such replays play an important role during spatial learning (see also Colgin and Moser, 2006) .
To conclude, we have demonstrated age-related deficits in route retracing. Specifically, older participants showed impaired performance in both recognizing travel direction when navigating along the route in the reverse direction and in indicating the direction required to retrace the route. Given the importance of route retracing for learning novel environments these findings provide further insights into the effects of normal cognitive aging on wayfinding and orientation abilities.
